In mammals, biotin serves as a covalently bound coenzyme for acetyl-CoA carboxylase, pyruvate carboxylase, propionylCoA carboxylase (PCC), 3 and 3-methylcrotonyl-CoA carboxylase (1) . These enzymes catalyze essential steps in the metabolism of glucose, amino acids, and fatty acids (1) . Biotin deficiency is associated with decreased carboxylase activities in humans (2) and other species (3, 4) . Consistent with the essential roles of carboxylases in intermediary metabolism, biotin deficiency may decrease rates of cell proliferation (5, 6) , impair immune function (7) (8) (9) , and derange fetal development (10 -12) .
Biotin also plays an important role in cell signaling, mediating some of the adverse effects of biotin deficiency and overdose. DNA microarrays have aided in the identification of 270 and 1803 biotin-dependent genes in human lymphocytes and hepatocarcinoma (HepG2) cells, respectively (13, 14) . Effects of biotin on gene expression are mediated by various cell signals, including the transcription factors nuclear factor (NF)-B, (15) , Sp1 and Sp3 (16) , the biotin metabolite biotinyl-AMP (17) , and the covalent linkage of biotin to histones (DNA-binding proteins) (18) .
The abundance of a given protein is determined not only by the transcriptional activity of the corresponding gene but also by post-transcriptional events. We provided evidence that the expression of some ribosomal proteins and eukaryotic translation initiation factor 5A is greater in biotin-deficient HepG2 cells compared with biotin-sufficient controls (14) ; theoretically, this may increase the translational activity in biotindeficient cells. Moreover, we provided evidence that supplementation of human cells with pharmacological doses of biotin impairs the post-translational processing of proteins in the endoplasmic reticulum (J. B. Griffin and J. Zempleni, unpublished results). These effects of biotin are mediated by decreased expression of sarco/endoplasmic reticulum ATPase3, diminishing transport of calcium from the cytoplasm into the endoplasmic reticulum. A low concentration of calcium in the endoplasmic reticulum impairs protein folding by calcium-dependent calnexin (19, 20) , BiP (21) , and protein disulfide isomerase (21) . This is associated with high proteolytic activity (22) , increased expression of chaperones that mediate protein folding (23, 24) , and low overall translational activity (25) .
In the present study, we tested the hypothesis that biotin affects the abundance of distinct proteins in HepG2 cells. Specifically, we focused on signaling proteins, given that biotin-dependent synthesis of these proteins may have important effects on the transcriptional activity of numerous genes (15, 16, 26) . For protein analysis, we applied a novel proteomics technique that permits quantification of ϳ1009 proteins in one single run. HepG2 cells were selected as a cell model based on the following lines of reasoning: 1) HepG2 cells express a variety of proteins in large quantities (27); 2) the effects of biotin on mRNA abundance have been quantified in previous DNA microarray studies in HepG2 cells (14) ; and 3) the effects of biotin concentrations in culture media on biotin homeostasis in HepG2 cells have been well characterized (14, 17) .
MATERIALS AND METHODS
Cell culture. HepG2 cells were purchased from American Type Culture Collection. Cells were cultured in the following biotindefined media for 10 d before sample collection (5% CO 2 at 37°C in humidified atmosphere): 0.025 nmol/L of biotin (denoted "deficient"), 0.25 nmol/L of biotin ("physiological"), and 10 nmol/L of biotin ("pharmacological"). Culture media were replaced with fresh media every 48 h. Media were prepared using biotin-depleted fetal bovine serum as described previously (6) ; biotin concentrations in media were confirmed by avidin-binding assay (28) with modifications (6) . Cultures were trypsinized and split before cells reached confluence. For the assays described below, cell pellets were collected at 60 -70% confluence.
Biotin concentrations in media were chosen based on the following lines of reasoning: 1) 0.25 nmol/L of biotin represents the physiological concentration of biotin in plasma from healthy adults (29) ; 2) 0.025 nmol/L of biotin is Ͼ2 SD below the mean physiological concentration in normal plasma (29) ; thus 0.025 nmol/L equals a deficient concentration of biotin; 3) ingestion of a typical biotin supplement providing 25 times the Adequate Intake of biotin for adults (30) is associated with plasma concentrations of ϳ10 nmol/L of biotin in healthy adults (31) ; thus, this concentration represents a pharmacological concentration of biotin in plasma. Culturing HepG2 cells in biotin-defined media for 10 d provides sufficient time in which to achieve new intracellular steady-state concentrations of biotin, as judged by activities of biotin-dependent PCC and by biotinylation of carboxylases (6, 32) .
Biotin-dependent carboxylases. Biotin-dependent carboxylases are reliable markers for cellular biotin (1) . Biotinylated carboxylases in cell extracts were resolved by PAGE and were probed using streptavidin peroxidase (6); signal intensities were quantified using gel densitometry (16) . The activities of PCC in cell extracts were quantified as described previously (6) .
Immunoblotting. For preparation of cell extracts, adherent cells in 75-cm 2 tissue culture flasks were rinsed with PBS, and the saline was discarded. Boiling lysis buffer (3 mL/flask; 10 mmol/L Tris, pH 7.4, 1 mmol/L sodium vanadate, 35 mmol/L lauryl sulfate) was added; the solution was swirled to ensure rapid protein denaturation. The cell lysate was collected with a cell scraper, and the sample was heated in a water bath at 100°C for 30 s. The cellular DNA was sheared by passing the cell lysate 10 times through a 25-gauge needle. Samples were frozen in liquid nitrogen and stored at Ϫ80°for 2 d before analyses.
High-throughput immunoblotting ("PowerBlot") of cell lysates was conducted using a commercial facility (BD Biosciences Pharmingen) as described (33). Briefly, proteins (200 g/gel) were resolved using 2-D electrophoresis, followed by electroblotting onto polyvinylidene fluoride membranes. Proteins on membranes were probed using an array of antibodies to 1009 human proteins; the identities of these proteins are available on the facility's website (33). Proteins were quantified by using appropriate fluorophore-labeled secondary antibodies and the Odyssey Infrared Imaging System (LI-COR). Immunoblots were run in triplicate. Changes in protein abundance in response to biotin were ranked by order of confidence in data quality, using a scale from 1 to 10 (10 ϭ highest level of confidence); ranking was based primarily on signal quality, consistency of data within triplicates, and magnitude of the observed change (treatment vs. physiological control) (33). Here, only data from confidence levels 7-10 were included in analysis: level 10 ϭ ratio of the signal "treatment to control" (or "control to treatment") Ͼ 2, good quality signals, pass visual inspection; level 9 ϭ signal ratio 1.5-1.9, good quality signals, pass visual inspection; level 8 ϭ signal ratio 2, low signals, pass visual inspection; and level 7 ϭ signal ratio 1.25-1.5, good quality signals, pass visual inspection.
The abundance of selected proteins in cell extracts was confirmed individually using 1-dimensional gel electrophoresis as described (34) ; antibodies were purchased from BD Biosciences Pharmingen, As a control, we quantified histone H4 in nuclear extracts (35) ; anti-human histone H4 antibody was purchased from Santa Cruz Biotechnology.
RT-PCR. The expression of genes encoding SAM68, AF6, GRB2, and histone H4 (control) was quantified by RT-PCR as described (36) . Test genes and control gene were analyzed simultaneously in separate tubes in the same thermocyler. The following customized primers were used for PCR (Integrated DNA Technologies):1) 5Ј-GTC CCA CTA TGA ATA TCT C-3Ј and 5Ј-AGC TGC CCT ATT TAG TAG A-3Ј for human AF6 (GenBank accession number U02478); 2) 5Ј-CTG TAT TGG GAA AGG GCT CA-3Ј and 5Ј-CCC CTT GAC TCT GGC TGT AA-3Ј for human SAM68 (GenBank accession number NM_130405); 3) 5Ј-GAG CTT AAT GGA AAA GAC G-3Ј and 5Ј-TTG ACT CTT AGA CGT TCC G-3Ј for human GRB2 (GenBank accession number NM_002086); and 4) 5Ј-ATG TCT GGT AGA GGC AAA GGT GGT AAA-3Ј and 5Ј-TCA GCC ACC AAA GCC GTA CAG AGT GCG-3Ј for human histone H4 (GenBank accession number M60749). cDNA was quantified by gel densitometry using the Kodak EDAS 290 Documentation and Analysis System; only values from within the exponential phase of PCR amplification were considered for data analysis. The abundance of mRNA encoding SAM68, AF6, and GRB2 was normalized by the abundance of mRNA encoding histone H4.
Electrophoretic mobility shift assays (EMSA). The data presented below are consistent with effects of biotin on signaling by receptor tyrosine kinases. Signaling by receptor tyrosine kinases converges on transcription factors Fos and Jun, which have affinity for activator protein (AP)1 elements in regulatory regions of genes (37) . EMSA were used to determine whether putative effects of biotin on tyrosine kinase signaling affect the AP1-binding activity in HepG2 cell nuclei. Nuclear extracts were prepared as described previously (16) . AP1-binding factors in nuclear extracts were probed by EMSA (15), using a 32 P-labeled double-stranded oligonucleotide probe with an AP1 consensus site: 5Ј-CGC TTG ATG AGT CAG CCG GAA-3Ј and 5Ј-TTC CGG CTG ACT CAT CAA GCG-3Ј (Promega). The nuclear protein-binding activity to ets1 sites (control) was quantified using the following oligonucleotide probes: 5Ј-GTA TTG TTG TTC CTC CAT TTC TAG AAT ATT-3Ј and 5Ј-AAT ATT CTA GAA ATG GAG GAA CAA CAA TAC-3Ј (IDTDNA Technologies) (38) . Additional controls were prepared by omitting nuclear extracts from incubation mixtures, and by incubating nuclear extracts with radiolabeled probe in the presence of a molar excess of unlabeled probe. In some cases, transcription factor-oligonucleotidecomplexes were supershifted by using polyclonal rabbit IgG antihuman antibody to c-Jun (Santa Cruz Biotechnology). These samples were prepared by incubating 5 g of nuclear protein with 2 g of antibody to c-Jun for 60 min at 4°C before adding oligonucleotide probes. Note that incubation of nuclear proteins with antibodies 1) may prevent the formation of transcription factor-oligonucleotide complexes (if antibodies block oligonucleotide-binding sites of transcription factors); or 2) may decrease the electrophoretic mobility of the transcription factor-oligonucleotide-complex (if antibodies bind to transcription factors without blocking their oligonucleotide-binding sites).
Reporter-gene constructs. The following constructs were used to determine whether the biotin concentration in culture media affects the transcriptional activity of AP1-dependent genes: 1) a construct of the luciferase reporter gene driven by a basic promoter element (TATA box) and 7 AP1 enhancer elements (denoted "AP1-Luc") was purchased from Stratagene; 2) a promoter-free plasmid containing the luciferase gene ("pGL3-Basic"; Promega,) was used to quantify baseline luciferase expression in cells; and 3) a construct of the SV40 promoter and enhancer linked to the ␤-galactosidase reporter gene ("pSV-␤-Galactosidase"; Promega) was used to quantify transfection efficiency.
Cells were transfected with reporter-gene constructs by using FuGene 6 (Roche) according to the manufacturer's instructions; 48 h after transfection, luciferase and ␤-galactosidase activities were quantified in cell lysates as described (32). Luciferase activities were normalized for transfection efficiency by using ␤-galactosidase activities. Data are expressed as ratios of luciferase activities in cells transfected with AP1-Luc to activities in cells transfected with pGL3-Basic.
Statistical analysis. Homogeneity of variances among groups was tested using Bartlett's test (39) . If variances were heterogeneous, the data were log-transformed before further statistical analysis. Significance of differences among groups was tested by one-way ANOVA. Fisher's Protected Least Significant Difference procedure was used for post-hoc testing (39) . StatView 5.0.1 (SAS Institute) was used to perform all calculations. Differences were considered significant if P Ͻ 0.05. Data are expressed as means Ϯ SD or as median (and 33th, 66th percentile); replicates represent data collected from assays of separate cultures as opposed to assaying the same sample from one culture multiple times.
RESULTS
Biotin-dependent carboxylases. Biotinylation of carboxylases in HepG2 cells depended on the biotin concentration in the culture media. If cells were cultured in biotin-deficient medium, biotinylated pyruvate carboxylase, PCC, and 3-methylcrotonyl-CoA carboxylase were barely detectable in cell extracts, using streptavidin peroxidase as a probe (Fig. 1A) . Note that the biotin-containing ␣-chains of PCC (molecular mass ϭ 80 kDa) and 3-methylcrotonyl-CoA carboxylase (molecular mass ϭ 83 kDa) migrate as 1 single band on the polyacrylamide gels used here. The abundance of holocarboxylases was similar in cells cultured in media containing deficient and physiological concentrations of biotin, as judged by gel densitometric analysis of streptavidin blots (Fig. 1B) . In contrast, holocarboxylases were 6.3-62 times more abundant in biotin-supplemented cells compared with cells cultured in media containing deficient or physiological concentrations of biotin. Acetyl-CoA carboxylase was barely detectable in cell extracts (Fig. 1A) , consistent with previous studies in human cell cultures (6,40); hence, acetyl-CoA carboxylase was not quantified by gel densitometry. PCC activities in HepG2 cells depended on the concentration of biotin in culture media [units ϭ pmol bicarbonate fixed/(min ⅐ mg protein)]: biotindeficient medium ϭ 21 Ϯ 2.5; physiological medium ϭ 45 Ϯ 3.2; and pharmacological medium ϭ 266 Ϯ 22 (P Ͻ 0.01 among all treatment groups; n ϭ 3 separate experiments). These findings are consistent with the hypothesis that biotin concentrations in culture media affect intracellular biotin concentrations.
Immunoblot analysis. Biotin affected the abundance of 44 proteins in HepG2 cells, as judged by high-throughput immunoblot analysis; this equals 4.4% of the proteins tested. The abundance of 12 proteins increased by Ͼ25% in response to biotin deficiency compared with physiological controls; the abundance of 17 proteins decreased by Ͼ25% in response to biotin deficiency (see Appendix). The abundance of 3 proteins increased by Ͼ25% in response to pharmacological concentrations of biotin in culture medium compared with physiological controls; the abundance of 16 proteins decreased by Ͼ25% in response to biotin supplementation (see Appendix). The following proteins exhibited the largest increase in biotindeficient cells compared with physiological controls (see the Appendix for Swiss Prot ID numbers): GRB2 (410% increase), SAM68 (324% increase), LRII/SorLA/gp250 (169% increase), and A-RAF (134% increase). The following genes exhibited the largest decrease in biotin-deficient cells compared with physiological controls: AF6 (not detectable in biotin-deficient cells), GGA2 (69% decrease), E-cadherin (53% decrease), and EBP50 (51% decrease). The following proteins exhibited the largest increase in biotin-supplemented cells compared with physiological controls: gelsolin (950% increase), CTCF (76% increase), and No55 (67% increase). The following genes exhibited the largest decrease in biotinsupplemented cells compared with physiological controls: annexin II (83% decrease), mEPHX (61% decrease), ATP synthase b (59% decrease), and TNIK (55% decrease).
Comparative analysis of protein abundance by highthroughput 2-D-immunoblots and 1-dimensional gel electrophoresis produced similar trends. Here, we selected 3 proteins that were increased in response to biotin deficiency, as judged by high-throughput immunoblotting (see above): SAM68, GRB2, and RAF. When these proteins were assayed using 1-dimensional gel electrophoresis and gel densitometry, the abundance was greater in biotin-deficient cells compared with the other treatment groups (Fig. 2) : SAM68 ϭ 87% increase; GRB2 ϭ 32% increase; and RAF ϭ 12% increase. The abundance of histone H4 (loading control) was not affected by biotin (data not shown). These data are consistent with the notion that data obtained by high-throughput 2-D-immunoblots are precise.
Protein clusters. Biotin-responsive proteins were not randomly distributed in the genome. Rather, biotin-responsive proteins clustered in classes of distinct molecular and biological functions ( Table 1 ). The quantitatively most important cluster comprised proteins that play roles in cell signaling. Of a total of 44 biotin-responsive proteins, 12 were associated with this cluster; 5 of these biotin-responsive signaling proteins are linked to receptor tyrosine kinase pathways as described below. Biotin also affected the abundance of protein clusters that play roles in nuclear structure and transport (10 proteins), formation of the cytoskeleton (6 proteins), neuroscience (6 proteins), and cell biology (5 proteins); proteins with other molecular and biological functions accounted for Here, these findings were validated by Western blot analysis using a 1-dimensional gel electrophoresis system. the remainder of the biotin-responsive proteins (5 proteins). Five biotin-responsive proteins decreased in both biotin-deficient and biotin-supplemented cells compared with physiological controls (Table 1; see Discussion) .
Signaling by receptor tyrosine kinase pathways. Biotin deficiency was associated with increased abundance of proteins that play roles in receptor tyrosine kinase signaling. In this section, we provide both data on protein abundance and a brief review of receptor tyrosine kinase signaling for clarity. Receptor tyrosine kinases span the cell membrane in mammalian cells (Fig. 3) (37) . Various ligands have affinity for the ligand-binding domain located in the extracellular domain of receptor tyrosine kinases; ligands include platelet-derived growth factor, insulin, thrombin, and various other compounds. Binding of ligands causes dimerization of receptors and activation of the tyrosine kinase domain in the cytoplasmic domain; this is associated with autophosphorylation of the C-terminus of the receptor. The phosphorylated receptor has affinity for GRB2 (and perhaps its homolog SAM68) and SOS. In the present study, the abundance [median (33rd, 66th percentile)] of GRB2 and SAM68 was 410% (250%, 1249%) and 324% (247%, 404%) greater, respectively, in biotin-deficient HepG2 cells compared with physiological controls. Binding of the G protein SOS to the phosphorylated receptor tyrosine kinase triggers a substitution of GTP for GDP in the serine/threonine kinase RAS, mediating catalytic activity. In the present study, the abundance of the Ras-interacting protein AF6 decreased to nondetectable levels in response to biotin deficiency, presumably further enhancing Ras activity (41, 42) . Ras mediates phosphorylation of the serine/threonine kinase RAF1, causing activation of RAF1. In the present study, the abundance of RAF1 was 134% (101%, 145%) greater in biotin-deficient cells than in physiological controls. RAF1 catalyzes phosphorylation and, hence, activation of mitogen-activated protein kinases (MAPK) kinases (MAPKK or MEK). In the present study, the abundance of the MAP kinase kinase kinase Tpl2 decreased to nondetectable levels in both biotin-deficient and biotin-supplemented cells compared with physiological controls. Phosphorylated MEK catalyze phosphorylation and, hence, activation of MAPK such as extracellular signal-related kinase (ERK)1 and ERK2. Phosphorylated ERK mediate phosphorylation of Fos and Jun, enhancing the transcriptional activity of genes driven by AP1 and NF-B binding motifs.
EMSA. The AP1-binding activity was greater in nuclear extracts from biotin-deficient cells than in extracts from cells cultured in physiological or pharmacological media (Fig. 4,  lanes 1-3) ; no band was observed in the absence of nuclear extract (negative control, lane 4). The following findings suggest that the binding of transcription factors to AP1 sites was a specific event: 1) band intensities decreased substantially if nuclear extracts were incubated with radiolabeled oligonucleotides in the presence of a 50-fold molar excess of unlabeled oligonucleotides (Fig. 4, lanes 5-7) ; and 2) bands were supershifted by incubation with antibody to c-Jun before conducting EMSA (lanes 8 -10) . Finally, biotin deficiency was not associated with increased protein-binding activity to ets1 sites (Fig. 4A, lanes 11-13) . Rather, biotin deficiency was associated with a moderate decrease in protein-binding activity to ets1 sites. This is consistent with the hypothesis that biotin supplementation specifically increased the nuclear activity of AP1-binding transcription factors as opposed to causing a global increase in the nuclear translocation of various transcription factors.
Transcriptional activities of AP1-dependent reporter genes. The transcriptional activity (luciferase activity) of a reporter gene (AP1-Luc) driven by 5 AP1 elements was 23-45% greater in biotin-deficient cells than in cells cultured in media containing physiological or pharmacological concentrations of biotin (units ϭ ratio of AP1-Luc to pGL3-basic): 0.025 nmol/L biotin ϭ 1.6 Ϯ 0.3 U; 0.25 nmol/L biotin ϭ 1.1 Ϯ 0.2 U; and 10 nmol/L biotin ϭ 1.3 Ϯ 0.04 U (P Ͻ 0.05 for 0.025 nmol/L biotin vs. 0.25 nmol/L; n ϭ 3). Gene expression analysis. Biotin-dependent changes in protein abundance appeared independent of transcription. As models, we selected 3 proteins that were more abundant in biotin-deficient HepG2 cells than in physiological controls: SAM68 (324% increase of protein), AF6 (not detectable in physiological control), and GRB2 (410% increase of protein). The following data were obtained for the abundance of SAM68 mRNA (units ϭ % of mRNA in physiological controls, 0.25 nmol/L): 0.025 nmol/L biotin ϭ 98 Ϯ 14%; 0.25 nmol/L biotin ϭ 100 Ϯ 30%; and 10 nmol/L biotin ϭ 90 Ϯ 53 U (P Ͼ 0.05; n ϭ 5). The following data were obtained for the abundance of AF6 mRNA (units ϭ % of mRNA in physiological controls, 0.25 nmol/L): 0.025 nmol/L biotin ϭ 92 Ϯ 36%; 0.25 nmol/L biotin ϭ 100 Ϯ 46%; and 10 nmol/L biotin ϭ 69 Ϯ 54% (P Ͼ 0.05; n ϭ 5). The following data were obtained for the abundance of GRB2 mRNA (units ϭ % of mRNA in physiological controls, 0.25 nmol/L): 0.025 nmol/L biotin ϭ 114 Ϯ 35%; 0.25 nmol/L biotin ϭ 100 Ϯ 22%; and 10 nmol/L biotin ϭ 127 Ϯ 40% (P Ͼ 0.05; n ϭ 4).
DISCUSSION
The present study provides evidence 1) that biotin affects the abundance of proteins in HepG2 cells; 2) that these biotin-responsive proteins can be grouped into distinct clusters based on biological function; 3) that about one-third of these biotin-responsive proteins are associated with cell signaling pathways; 4) that biotin deficiency causes increased abundance of proteins that play roles in signaling by receptor tyrosine kinases; 5) that activation of receptor tyrosine kinase pathways is associated with nuclear translocation of AP1-binding proteins and transcriptional activation of AP1-dependent genes in biotin-deficient cells; and 6) that biotin affects gene expression at both the transcriptional level (e.g., AP1-mediated transcriptional activation) and the post-transcriptional level (e.g., translation of SAM68, AF6, and GRB2) in HepG2 cells.
The findings reported here are consistent with the hypothesis that biotin affects gene expression by modulating the nuclear translocation of Fos and Jun. Fos/Jun heterodimers bind AP1 sites with 30 times greater affinity than Jun homodimers, whereas Fos homodimers do not have AP1-binding affinity (43). In the present study, incubation of samples with an antibody to Jun caused a supershift in EMSA, suggesting that Jun participates in biotin-dependent cell signaling. We cannot formally exclude the possibility that Fos and other AP1-binding proteins (e.g., Fras ϭ Fos-related antigens) account for some of the increased AP1-binding activity in biotin-deficient cells. Note that biotinyl-AMP, Sp1 and Sp3, and NF-B also mediate effects of biotin on gene expression (15) (16) (17) . Future studies are likely to identify additional biotindependent signaling pathways involving the proteins listed in the appendix of this article.
What are the biological consequences of activating AP1-dependent genes in response to biotin deficiency? We speculate that Fos and Jun mediate increased expression of the biotin transporters SMVT and MCT1 in response to biotin deficiency (6, 40) . The regulatory region of the human SMVT gene contains 4 AP1 sites and 1 AP1-like site (44) , whereas the regulatory region of the human MCT1 gene contains 2 AP1 sites (45). In addition to its putative effects on biotin transporter expression, nuclear translocation of Fos and Jun might enhance stress resistance of biotin-deficient cells (46 -48) in analogy to effects of biotin on NF-B (15). We speculate that the increased nuclear abundance of both Fos/Jun and NF-B observed in biotin-deficient cells might contribute to the proinflammatory and antiapoptotic effects of biotin deficiency.
This study provides evidence for the feasibility of identifying nutrient-responsive proteins by using high-throughput immunoblot screening. The level of confidence in this approach is high, based on the following lines of evidence. First, observations from high-throughput immunoblot screening were confirmed by using 1-dimensional gel electrophoresis. Second, distinct proteins from a given signaling pathway (receptor kinase signaling) showed synergistic changes in response to biotin deficiency. Third, changes in the abundance of signaling proteins were paralleled by changes in downstream events, i.e., transcriptional activity of target genes. The application of high-throughput immunoblot screens to various test situations is likely to result in the identification of novel nutrientdependent pathways.
At first glance, the number of biotin-responsive proteins identified here may seem small (44 proteins). However, on a relative basis, these 44 proteins represent 4.4% of the proteins screened for, which is moderately less than the percentage of biotin-dependent transcripts identified in the same cell line: 1803 of 14,000 tested genes (ϭ13%) (14) . Please note that not all the proteins included in our high-throughput immunoblot screening are actually expressed in liver cells. Hence, the true percentage of biotin-dependent proteins is larger than the number provided above. In the present study, we applied very stringent selection criteria when screening for biotin-responsive proteins (see Materials and Methods). Using less stringent criteria would have resulted in a much larger number of biotin-responsive proteins (data not shown). Finally, liver cells also express proteins that were not included in this high-
FIGURE 4
Nuclear translocation of AP1-binding proteins increases in response to biotin deficiency. HepG2 cells were cultured in media containing deficient ("D," 0.025 nmol/L), physiological ("P," 0.25 nmol/L), and pharmacological ("H" ϭ high, 10 nmol/L) concentrations of biotin for 10 d. Transcription factors in nuclear extracts were probed by EMSA, using the following oligonucleotide probes and conditions: lanes 1-3 ϭ oligonucleotide containing an AP1 consensus site; lane 4 ϭ AP1 oligonucleotide in the absence of nuclear extract; lanes 5-7 ϭ 50-fold molar excess of unlabeled compared to radiolabeled AP1 oligonucleotide; lanes 8 -10 ϭ AP1 oligonucleotide, supershifted by using an antibody to c-Jun; lanes 11-13 ϭ oligonucleotide containing an ets1 site. Abbreviations: NE ϭ no extract; Ab ϭ antibody (supershift experiments); cold ϭ excess of cold (unlabeled) probe. throughput screen. Hence, it is likely that some biotin-responsive proteins escaped detection in the studies presented here.
In the present study, the abundance of SAM68, AF6, and GRB2 increased in response to biotin deficiency; this increase was not paralleled by the abundance of mRNA encoding these proteins. On the basis of these observations, we concluded that biotin deficiency enhances the expression of SAM68, AF6, and GRB2 at a post-transcriptional step. Note that we cannot formally exclude effects of biotin deficiency on the transcriptional activity of genes coding for SAM68, AF6, and GRB2. For example, alternative splicing of RNA, cell type, and life cycle may considerably affect mRNA abundance (49) . These variables were not considered in the present study.
A limitation not specifically addressed in the study presented here is the following. The abundance of some proteins decreased in both biotin-deficient and biotin-supplemented cells compared with physiological controls. We speculate that any nonphysiological concentration of biotin (i.e., deficient and supraphysiological) might decrease the abundance of some proteins. Notwithstanding this minor uncertainty, the highthroughput immunoblot screening used here proved to be an excellent tool with which to identify clusters of biotin-dependent proteins. Further analysis of this data set is likely to generate additional insights into biotin-dependent cell signaling.
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